Abstract: Progress in the development of tunable, highly coherent sources directly linked to the primary frequency standard, in the mid/far-IR range, with a number of applications including molecular sensing and imaging, will be discussed. In recent years, development of hybrid sources, combining mode-locked lasers with highly coherent laser sources, have proven able to span the wide infrared/far infrared (THz) range with unprecedented levels of stability, accuracy and, more important, with a direct link to the primary frequency standard. Here, we give a brief overview of the main results obtained in our group at INO-CNR and LENS.
In recent years, development of hybrid sources, combining mode-locked lasers with highly coherent laser sources, have proven able to span the wide infrared/far infrared (THz) range with unprecedented levels of stability, accuracy and, more important, with a direct link to the primary frequency standard. Here, we give a brief overview of the main results obtained in our group at INO-CNR and LENS.
Ultra stable, intracavity difference-frequency-generated mid-IR source
The simplest approach to generate IR radiation is down-conversion of visible/near-IR laser sources in  2) nonlinear media. For longer than 10 years, we have been developing mid-IR sources based on difference-frequency-generation (DFG) in periodically-poled LiNbO 3 crystals. In the present set-up, the DFG process occurs inside an opticallyinjected compact Ti:sapphire laser cavity, delivering IR radiation with 3.85-4.54 m tuning range, Cs-standard traceability, TEM 00 spatial mode and a few tens mW power [1] . A phase-lock scheme, using a fs Ti:sapphire optical frequency comb synthesizer (OFCS) as transfer oscillator, provides absolutely-referenced IR radiation with a linewidth in the kHz range over ms timescale. These features have already proven to be crucial for both highsensitivity [2] and high-resolution molecular spectroscopy measurements [3] .
Sub-kHz linewidth phase-locked mid-IR quantum cascade laser
The achievement of metrological-grade quantum cascade lasers (QCLs) is based on the capability of counting and/or controlling the lasers absolute frequency, leading to a narrowing of the emission spectrum. Indeed, the observed linewidth of a free running mid-infrared QCL typically ranges from a few MHz to tens of MHz, if the contribution of the driving current noise adds up. The DFG source is an ideal reference also for phase-locking the QCL. This has been recently demonstrated; the beat-note between the DFG source and a 4.3 m QCL was used for closing the phase-lock loop, leading to a sub-kHz linewidth, tunable QCL with an absolute traceability of 2×10 -12 [4] .
Phase-locking a THz QCL to a THz comb
In THz QCLs, a scaling of the tuning coefficient with wavelength is in part responsible for both the lower measured intrinsic linewidths and the narrower free-running linewidths, falling in the sub-MHz range, as measured by several independent experiments [5] .
Very recently, phase-locking of a single-frequency CW QCL emitting at 2.5 THz onto a single tooth of an airpropagating THz comb, was demonstrated [6] . In addition to the direct knowledge of the QCL frequency, a narrowing of its emission could be observed. The THz comb was generated by optical rectification of a femtosecond mode-locked Ti:sapphire laser in a single-mode waveguide fabricated on a MgO-doped LiNbO 3 crystal plate. The generation efficiency is sufficiently high to allow using a very simple setup and a commercial hot-electronbolometer detector, with a 250 MHz bandwidth, to directly observe the beating between single teeth of the comb and a small power fraction (100 nW) from the THz QCL. As a consequence, most of the QCL output power is thus made available for any specific experiment. The combination of an OFCS able to cover a broad spectrum (up to 5-6 THz) with QCL sources that can cover, point-by-point, most part of the same range with unprecedented power-levels, is a very promising perspective for a metrological-grade investigation of THz region.
An absolute frequency comb-referenced optical parametric oscillator
In the last years cw optical parametric oscillators (OPOs) have proven to be reliable sources for high-resolution spectroscopy. We developed a widely-tunable, singly-resonant OPO, emitting more than 1 W in the region between 2.7 and 4.2 m. The OPO is based on a 50-mm-long periodically-poled sample of MgO:LiNbO 3 , placed in a fourmirrors bow-tie cavity, pumped by an amplified, narrow linewidth (40 kHz at 1 ms) Yb-doped fiber laser. Stable and accurate operation has been achieved by locking both the signal and pump frequency to an OFCS, referenced to the Cs primary standard via the global positioning system (GPS). Frequency scans of a few tens of MHz can be accomplished by offset-locking the pump laser to the comb, through an electro-optic modulator (EOM): a sideband is locked to the comb, while the OPO is pumped at the carrier frequency and the idler frequency is scanned by changing the EOM modulation frequency. The locked system showed an Allan variance of ~3×10 -12  1/2
, for  between 1 and 200 s. As a test, we carried out sub-Doppler spectroscopy of ro-vibrational transitions of CH 3 I around 3.4 m, resolving their electric quadrupole hyperfine structure. We finally estimated an OPO FWHM linewidth lower than 200 kHz and determined absolute frequencies with a statistical uncertainty of 50 kHz [7] .
Conclusions
Generation of infrared/far infrared radiation by mixing in nonlinear crystals or by QCLs has undergone a steep progress in the last few years. Combination with OFCSs and recent results for exploiting the intrinsic high coherence of these sources are providing unprecedented photonic tools to harness atomic and especially molecular transitions, thus paving the way to new experiments with the potential to challenge current atomic and molecular theories.
